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Abstract
The Kennicutt-Schmidt (K–S) law in IC 342 is examined using the 12CO-to-H2 conversion factor (XCO,v),
which depends on the metallicity and CO intensity. Additionally, an optically thin 13CO (1-0) is also independently
used to analyze the K–S law. XCO,v is two to three times lower than the Galactic standard XCO in the galactic
center and approximately two times higher than XCO at the disk. The surface densities of molecular gas (ΣH2)
derived from 12CO and 13CO are consistent at the environment in a high-ΣH2 region. By comparing the K-S law
in the disk and the central regions of IC 342, we found that the power law index of K-S law (N ) increases toward
the central region. Furthermore, the dependence of N on ΣH2 is observed. Specifically, N increases with ΣH2 . The
derived N in this work and previous observations are consistent with the implication that star formation is likely
triggered by gravitational instability in the disk (low-ΣH2 region) of IC 342 and both gravitational instability and
cloud-cloud collisions in the central region (high-ΣH2 regime). In addition, the increasing N toward the high-ΣH2
domain also matches the theoretical prediction regarding the properties of giant molecular clouds. The results of IC
342 are supported by the same analysis of other nearby galaxies.
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1. Introduction
Schmidt (1959) and Kennicutt (1998) have proposed an em-
pirical star formation law between the surface densities of the
star formation rate (ΣSFR) and the total gas (Σgas), widely
known as the Kennicutt-Schmidt (K–S) law. The K–S law is
written in the form of
ΣSFR(M⊙yr
−1kpc−2)∝ ΣNgas(M⊙pc
−2). (1)
As stars are formed from molecular gas instead of atomic gas,
Σgas in the K–S law is often replaced with ΣH2 .
With 12CO observations and the Galactic standard CO-to-H2
conversion factor (XCO = 2.3 × 1020 cm−2 (K km s−1)−1;
Strong et al. 1988), numerous works show that N is in the
range of 1.0 – 2.0. The slope of the K–S law may provide
us with clues that will help to explain the mechanism of star
formation. For example, if star formation only depends on the
mass of giant molecular clouds (GMCs), a constant SFR per
unit mass of molecular gas is expected, leading to a linear rela-
tion betweenΣSFR andΣH2 and, namely,N ≈1.0 (Bigiel et al.
2008; Dobbs & Pringle 2009). If molecular gas is converted to
stars with a timescale of free-fall time, and the scale height of
gas is approximately constant everywhere in a galaxy, a slope
of 1.5 is expected (Elmegreen 1994; Elmegreen 2002; Li et al.
2006). If cloud-cloud collisions trigger star formation, the star
formation timescale is set by the collision rate of the virially
bound objects, resulting in a slope of ∼2.0 (Tan 2000; Tasker
& Tan 2009).
There are, however, some drawbacks of the current method
of deriving the K–S law. At first, XCO is not a constant but a
function of metallicity and CO intensity (Israel 1997; Genzel
et al. 2012; Narayanan et al. 2012). Observations have also
shown that XCO increases with decreasing oxygen abundance
(Dickman et al. 1986; Wilson 1995; Arimoto et al. 1996) and
CO intensity (Nakai & Kuno 1995). Because oxygen abun-
dance appears to be a function of the galactic radius in spiral
galaxies (Pilyugin et al. 2004; Moustakas et al. 2010), XCO
may vary within a single galaxy as well. For example, XCO
is 0.75 × 1020 cm−2 (K km s−1)−1 within the inner 1.′′2 of
M51. It is approximately three times lower than the Galactic
standard XCO, while its value rises to (1 – 4) × 1020 cm−2 (K
km s−1)−1 at > 2.′′0 (Nakai & Kuno 1995). For this reason,
applying the Galactic standard XCO to external galaxies is not
ideal. Secondly, the nature of 12CO also limits its ability to
determine ΣH2 . 12CO is optically thick, so it traces the emis-
sions from the envelope of the GMCs, rather than the dense
clumps/cores in the GMCs, where stars are formed. Likewise,
because of its high opacity, the intensity of 12CO does not in-
dicate the amount of gas when GMCs start to pile up along the
line of sight. Furthermore, because 12CO can be excited at a
density as low as ∼ 100 cm−3 as a result of the photon trap-
ping effect, the gas traced by 12CO is not necessarily associated
with star formation. Finally, diffuse emissions that do not re-
late to star formation are involved in the tracers of SFR, such
as UV, 24µm, and Hα. Although Liu et al. (2011) show that
the presence of diffuse emissions can alter the relation of ΣH2
and ΣSFR from linear to nonlinear, Rahman et al. (2011) con-
cluded that the contribution from the diffuse emissions alone
is not sufficient to explain all the differences in the observed
slopes.
Inspired by the above issues, we study the K–S law in a
nearby galaxy IC 342 in terms of two aspects: the CO-to-H2
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conversion factors which depend on the metallicity and CO in-
tensity (Nakai & Kuno 1995; Narayanan et al. 2012), and the
utilization of an optically thin line 13CO (1–0), which is reck-
oned to be a better tracer of the real mass distribution (e.g.,
Aalto et al. 2010). IC 342 is a nearby face-on barred spiral
galaxy located at 3.3 Mpc. 1′′ corresponds to 16 pc at that dis-
tance (Saha et al. 2002). The CO map made with a single dish
shows a clear molecular bar with a length of approximately 4.5
kpc (Crosthwaite et al. 2001). A primary spiral arm emerging
from the southern bar is found in the CO map. IC 342 is un-
dergoing bar-driven gas inflow (Schinnerer et al. 2003) which
triggers the starburst at the center and therefore splits the phys-
ical environment from the galactic disk, providing a chance to
study the K–S law in diverse physical conditions of molecular
gas.
The outline of this paper is as follows: the radio and infrared
published data we used in this work are presented in Section 2.
The study of the radial distribution of the gas and SFR is shown
in Section 3. The methods of deriving ΣH2 from 12CO (1–0)
and 13CO (1–0) are demonstrated in Section 4 and Section 5,
respectively. The uncertainties of the methods are discussed in
Section 6. Section 7 presents the derived K–S law with both
12CO (1–0) and 13CO (1–0). In Section 8, we examine the K-S
law in other nearby galaxies using the published data of 12CO
and metallicity to confirm the results from IC 342. The prob-
able mechanisms of star formation in IC 342 are considered in
Section 9.
2. Data
2.1. NRO CO Maps
The 12CO (J = 1→ 0) (hereafter 12CO) image of IC 342
(Figure 1) was taken from the Nobeyama CO Atlas of Nearby
Spiral Galaxies (Kuno et al. 2007). The observations were
made by the Nobeyama 45-m telescope. The angular resolu-
tion of the map is 20′′ at 115 GHz, corresponding to a physical
resolution of ∼320 pc. The map extends up to a galactocen-
tric radius of approximately 6.5 kpc (406′′). The rms noise
is approximately 1.5 K km s−1 or ∼ 5 M⊙ pc−2 with the
Galactic standard CO-to-H2 conversion factor (XCO = 2.3 ×
1020 cm−2 (K km s−1)−1) (Strong et al. 1988).
The 13CO (J = 1→ 0) (hereafter 13CO) image (yellow con-
tours in Figure 2) was also taken with the Nobeyama 45-m tele-
scope by Hirota et al. (2010). The map covers the galactic cen-
ter, the bar, and the spiral arm emerging from the southern bar
end with a total area of ∼320′′ ×320 ′′ (5.1 kpc × 5.1 kpc),
which is approximately one fourth of the 12CO map. The an-
gular resolution is also 20′′ (320 pc) at 110 GHz and the rms
noise is 0.4 K km s−1.
2.2. VLA HI Map
The atomic hydrogen (HI) image of IC 342 is taken from
Crosthwaite et al. (2000). The observations were carried out
by the VLA (Very Large Array) using the C and D configura-
tions. The resulting angular resolution was 38′′ × 37′′ (610 pc
× 590 pc) at the wavelength of 21 cm. The largest structure
the observation sensitive to is about 15′. The amount of miss-
ing flux due to the short spacing problem was approximately
30% (Crosthwaite et al. 2000). The HI image has a radius of
1300′′ (∼21 kpc), which is far beyond the molecular disk of IC
342 by approximately a factor of three.
2.3. Spitzer 24 µm Map
IC 342 is not included in the Spitzer Local Volume Legacy
Survey (LVL) and the Spitzer Infrared Nearby Galaxies Survey
(SINGS), but in several individual programs, presumably be-
cause of its low latitude (b=10.◦58). We used the 24µm data
from Spitzer Heritage Archive (SHA) as SFR tracer. The data
were obtained by the Multiband Imaging Photometer (MIPS)
(Rieke et al. 2004). The angular resolution of the 24 µm map
is ∼5.′′7 (∼ 91 pc).
2.4. Hershel Mid- and Far-Infrared Maps
The Hershel telescope provides infrared data from 70 to
500µm. The data are useful to derive the dust/gas tempera-
ture from the spectral energy distribution (SED), which is re-
quired in our analysis (§5). IC 342 is one of the samples in
the project of Key Insights on Nearby Galaxies: a Far-Infrared
Survey with Herschel (KINGFISH) (Kennicutt e al. 2011). The
data are available on the project website. Herschel PACS and
SPIRE instruments provide the data at wavelengths of 70, 100,
and 160 µm (PACS) and 250, 350, and 500 µm (SPIRE). The
original units of the images, the pixel sizes and the resolutions
are listed in Table 1. The process of data reduction is described
in the KINGFISH Data Products Delivery Users Guide.
3. Radial Distribution of Gas and Star Formation
3.1. Radial Distribution of Gas
The neutral gas in a galaxy consists of molecular and atomic
gas. The former is required for star formation, but some nearby
spiral galaxies harbor larger amounts of atomic gas relative to
the molecular gas. Accordingly, we checked the content of the
gas in IC 342 as the first step.
We use the image of 12CO to measure the radial distribution
ofΣH2 . The inclination and the position angle of the galaxy are
31◦ and 37◦, respectively (Crosthwaite et al. 2000). The step
size between each azimuthal average data point is 10′′, starting
from 0′′ to 400′′ (6.4 kpc) or R/R25 ≈ 0.30, where R25 = 22.3′
or 21.4 kpc (Pilyugin et al. 2004). XCO of 2.3 × 1020 cm−2
(K km s−1)−1 (Strong et al. 1988) is adopted to derive ΣH2 .
The radial profile of ΣH2 is shown as crosses in Figure 3.
ΣH2 peaks at the galactic center (∼750 M⊙ pc−2) and then
gradually decreases to ∼ R/R25 = 0.05. A small bump at a
radius of R/R25≈ 0.1 (∼2 kpc) is caused by the brightest spiral
arm. Beyond the spiral arm, ΣH2 decreases to ∼20 M⊙ pc−2
at R/R25 = 0.3.
The column density of atomic hydrogen (HI) is calculated
by
N(HI)(cm−2) = 1.823× 1018
∫
Tbdv, (2)
where Tb is the brightness temperature (Wilson et al. 2009).
The step size between each azimuthal average of HI data is 20′′
(320 pc), starting from 0′′ to 1300′′ (R/R25 ≈ 0.97). The radial
profile of ΣHI is shown in Figure 3 with a plus symbol. As
seen in most spiral galaxies, the distribution of HI emissions
extends well beyond the molecular disk. ΣHI hits the lowest
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point at the galactic center and shows an upward trend until
R/R25 = 0.3. Then, ΣHI gently declines to R/R25 ≈ 1. ΣHI
varies within a narrow range of 1 – 5 M⊙ pc−2, occupying ∼
35% of the total gas. Hence, IC 342 is an H2 dominant spiral
galaxy, with potential for significant star formation.
3.2. Radial Distribution of Star Formation
The 24 µm emissions trace the dust grains heated by the UV
photons from young stars and therefore serve as a tracer of ob-
scured SFR with a timescale no longer than 10 Myr (Calzetti
et al. 2005). On the other hand, Hα traces the ionized gas sur-
rounding the massive stars and thereby is used as a tracer of
unobscured SFR (Calzetti et al. 2005). Hence, 24 µm + Hα
is often used to obtain the total SFR in a given region (e.g.,
Calzetti et al. 2007; Kennicutt e al. 2007).
However, because IC 342 is located behind the galactic plane
(b=10.◦5), Hα emissions suffer severely from dust extinction
and, moreover, there is no available digital Hα image to ac-
cess. For these reasons we use an infrared image as the SFR
indicator. The monochromatic infrared SFR is calculated as
SFR(M⊙ yr
−1) = 1.31× 10−38[L24µm(ergs s
−1)]0.885 (3)
(Calzetti et al. 2007; Calzetti 2012). Equation (3) is calibrated
for a local SFR with a spatial scale of ∼ 500 pc and is valid in
the range of 1× 1040 <∼ [L24µm] <∼ 3× 10
44
. IC 342 is within
this range. The uncertainty of the power and the coefficient are
0.02 and 15%, respectively.
We have smoothed the 24 µm image from the resolution of
∼6′′ to 20′′ to match with the CO image. The 24µm image is
also re-gridded to match with the CO image for further analy-
sis. For this reason the step size and the radial range of ΣSFR
(triangles in Figure 3) is the same as ΣH2 (crosses). The radial
distribution of ΣSFR resembles that of ΣH2 in IC 342.
The characteristic features of the radial distribution of ΣH2 ,
ΣHI, and ΣSFR are summarized as follows: (a) the radial dis-
tribution of ΣH2 and ΣHI reveal that IC 342 is a molecular-
dominant galaxy; (b) the molecular gas is concentrated in the
center and the bright spiral arm at the radius of∼2 kpc; (c) the
radial distribution of ΣSFR resembles that of ΣH2 .
4. Surface Density of H2 Derived from 12CO
In this section, we examine the spatial distribution of molec-
ular gas by using the Galactic CO-to-H2 conversion factor
(XCO) and a conversion factor (XCO,v) that depends on the
metallicity and line intensity (Narayanan et al. 2012).
4.1. Surface Density of H2 Derived with XCO
First, the Galactic XCO of 2.3 × 1020 cm−2 (K km s−1)−1
was applied to the entire 12CO map.
The peak value of ΣH2 is 756 M⊙ pc−2 at the galactic cen-
ter. Such high ΣH2 is commonly found in the circumnuclear
starburst (Kennicutt 1998). The 3σ detection limit of 12CO
corresponds to ΣH2 ≈ 15 M⊙ pc−2. The mean ΣH2 of IC 342
is 36 M⊙ pc−2, principally contributed by the galactic disk.
4.2. Surface Density of H2 Derived with XCO,v
Both observations (e.g., Arimoto et al. 1996) and simula-
tions (e.g., Narayanan et al. 2012) suggest that metallicity is
a key parameter affecting XCO. In metal-poor regions, XCO
tends to be higher than the Galactic XCO because of the pho-
todissociation of CO. Furthermore, Narayanan et al. (2012)
show that XCO depends on the CO intensity as well. Such de-
pendence of XCO on CO intensity is also found within a single
galaxy (Nakai & Kuno 1995).
Therefore, we adopt the XCO–Z ′–WCO relation derived by
Narayanan et al. (2012):
XCO,v =
6.75× 1020×〈WCO〉
−0.32
Z ′0.65
, (4)
where 〈WCO〉 is the 12CO line intensity measured in K km s−1
and Z ′ is the metallicity divided by the solar metallicity (Z).
The conversion between Z ′ and the commonly used form of
metallicity of 12+ log[O/H] is
logZ ′ = 12+ log[O/H]− 8.76, (5)
where the solar metallicity on a log scale is assumed to be 8.76
(Krumholz et al. 2008). Equation (4) is available from sub-kpc
scale to unresolved galaxies (Narayanan et al. 2012).
For IC 342, as in most of galaxies, the gradient of metallicity
is measured from the HII regions in various radii of the galaxy.
Pilyugin et al. (2004) derived the oxygen abundance for the HII
regions observed by McCall et al. (1985) and fitted the gradient
with the form:
12+ log[O/H] = 12+ log[O/H]0+CO/H× (R/R25), (6)
where 12+log[O/H]0 is the extrapolated central oxygen abun-
dance, andCO/H is the slope of the oxygen abundance gradient
with respect to the fractional radiusR/R25. The HII regions in
IC 342 indicate a clear negative gradient of the abundance with
increasing radius. The value of 12 + log[O/H]0 is 8.85, and
CO/H is –0.9. The uncertainty of the derived value of log[O/H]
is 0.12. The metallicity of each individual pixel is calculated
and substituted into Equation (4) and (5) to obtain XCO,v at
each position.
XCO,v has a range (1 – 6) × 1020 cm−2 (K km s−1)−1.
Figure 4 displays a correlation of ΣH2 (XCO) versus the ratio
of ΣH2 (XCO,v)/ΣH2 (XCO) or XCO,v. The figure indicates
that XCO,v < XCO when ΣH2(XCO) > 100 M⊙ pc−2, and
vice versa. In addition, ΣH2(XCO) ≈ ΣH2(XCO,v) occurs at
∼100 M⊙ pc−2.
The XCO,v map is shown in Figure 5. In the galactic center,
XCO,v is as low as 1020 cm−2 (K km s−1)−1, consistent with
the value measured by the high resolution C18O, 1.3 mm dust
continuum, and the virial theorem in IC 342 (Meier & Turner
2001). Thus the utilization of the Galactic standard XCO leads
to the overestimation of ΣH2 at the central region. The peak
ΣH2 becomes 344 M⊙ pc−2 by using XCO,v, which is ap-
proximately two times lower than the mass obtained from the
Galactic XCO. The compact regions in the spiral arms have
XCO,v close to the Galactic XCO. The remaining diffuse parts
have XCO,v > 3 × 1020 cm−2 (K km s−1)−1. Eventually, the
detection limit (3 σ detection) of ΣH2 based on XCO,v is about
26 M⊙ pc−2 and the mean ΣH2 is approximately 51 M⊙ pc−2.
The radial distribution of ΣH2 based on XCO,v is plotted as
circles in Figure 3. ΣHI is still negligible in the central region
and the disk.
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5. Surface Density of H2 Derived from 13CO
The velocity-integrated intensity map of 13CO acquired
from Hirota et al. (2010) is shown in the left panel of Figure
2 with yellow contours. The 13CO to 12CO ratio is 0.05 – 0.2
(Hirota et al. 2010). Owing to the low intensity of 13CO, only
the pixels with significant detection are considered. The central
∼1′ corresponding to the galactic nucleus found in the high-
resolution map (Meier & Turner 2005) is defined as galactic
center. This region has at least 15 σ detections. The central
region is colored purple in the right panel of Figure 2. Apart
from the galactic center, the pixels with ≥ 5 σ detection are
taken as well. The criterion chiefly captures the primary spiral
arm and the bar end. We refer to this region as the spiral arm.
This region is colored orange in Figure 2.
Provided that 13CO is in local thermal equilibrium (LTE)
and optically thin, the column density of H2 is computed by
N(H2)13CO = 2.41× 10
14×
τ
(
13CO
)
1− e−τ(13CO)
×
[H2]
[13CO]
×
I13CO
1− e−5.29/T ex
, (7)
where τ is the optical depth of the 13CO, [H2]/[13CO] is the
inverse of the 13CO abundance, I13CO is the intensity of 13CO
in K km s−1, and Tex is the excitation temperature in Kelvin
(Wilson et al. 2009). As shown in Equation (7), prior knowl-
edge of the optical depth, 13CO abundance, and gas (excitation)
temperature are required.
The optical depth is estimated by
τ
(
13CO
)
≈ I13CO/I12CO, (8)
in which 12CO is assumed to be optically thick and 13CO is
optically thin (Paglione et al. 2001).
The isotopic abundance ratio [12C]/[13C] is assumed to be≈
30-50 from the measurements for the galactic center of IC 342
(Henkel & Mauersberger 1993; Henkel et al. 1998). Given that
[12C]/[13C] = [12CO]/[13CO] (e.g., Espada et al. 2010) and
[12CO]/[H2] is approximately (5 – 8)× 10−5, we adopt a con-
stant [13CO]/[H2] of 1.5 × 10−6 in all regions concerned. The
value is consistent with the mean 13CO abundance observed in
the Galactic star forming clouds (Pineda et al. 2008; Pineda et
al. 2010).
The gas temperature is also required to obtain the column
density of H2. The assumption that the gas temperature (Tg) is
equal to the dust temperature (Td) is made. Then, the dust/gas
temperature can be yielded by the infrared SED.
The SED is constructed with the 24µm observations by
Spitzer (§2.3) and the 70 – 500µm observations by Herschel
(§2.4). All images are converted to janskys and then convolved
to the lowest resolution among the images, i.e., FWHM = 37′′
of the Herschel 500 µm map. The method of convolution
kernels between Spitzer and Herschel images is described in
Aniano et al. (2011). We used the kernels and the IDL proce-
dure conv image (Gordon et al. 2008) to convolve the images.
Then, a two-component Planck distribution
D = Cw
[
λ−2 Bν (Tw)
]
+Cc
[
λ−βc Bν (Tc)
] (9)
was assumed as the shape of SED, where Bν is a Planck func-
tion, Tw and Tc are the temperatures of the warm and cold
components, respectively, and Cw and Cc are the scaling con-
stants of each component (Galametz et al. 2012). Moreover, the
Planck functions were modified by the dust emissivity index β.
For the warm component, the warm dust emissivity index (βw)
was fixed at two as suggested by Li & Draine (2001). On the
other hand, the cold dust emissivity index (βc) is a free param-
eters to be fit. βc is in the range of 1 – 3, so the program is
forced to find the best value of βc in this range. To summa-
rize, there are five free parameters to fit: Cw, Cc, Tw, Tc, and
βc. Finally, the IDL function MPCURVEFIT (Markwardt 2009)
is used to carry out a Levenberg–Marquardt least–squares fit of
the data. MPCURVEFIT requires a user-supplied function for fit-
ting. In this case, Equation (9) is the function employed. Since
the images have a final resolution significantly lower than our
CO maps, SEDs for the global (center + arm), galactic center
and arm are obtained with the total flux in each defined region
in Figure 2, instead of a pixel-by-pixel fitting. The SEDs are
displayed in Figure 6. The derived βc is in the typical range
of 2.0 – 2.4. The galactic center has a higher temperature in
both warm and cold components (warm: 64.7 ± 1.6 K, cold:
25.1 ± 0.4 K) than those of the spiral arm (warm: 56.3 ± 1.1
K, cold: 19.0 ± 0.5 K). The global SED represents the aver-
age of the center and disk with Tw = 62.1 ± 1.3 K and Tc =
23.7± 0.8 K. Galametz et al. (2012) derived 19K<Tc< 25K
and 55K < Tc < 63K in eleven nearby galaxies with similar
methods and similar datasets. The temperatures of IC 342 are
compatible with other galaxies.
The cold dust component is associated with the dust, molec-
ular, and atomic hydrogen clouds mostly heated by the inter-
stellar radiation field (ISRF). On the other hand, the warm
dust component is heated by the OB stars in HII regions (Cox
& Mezger 1989; Popescu et al. 2002; Bernard et al. 2010).
Accordingly, Tc (∼25 K for the center and ∼19 K for the arm)
is substituted into Equation (7) to derive ΣH2 based on 13CO.
The resulting ΣH2 lies within 30 – 400 M⊙ pc−2. The mean
ΣH2 is 90 M⊙ pc−2. The mean ΣH2 obtained by 13CO is sig-
nificantly larger than those from 12CO (§4) because the obser-
vations and the selection of available pixels are biased to the
CO bright region as a result of the weak intensity of 13CO.
ΣH2 obtained from 12CO(XCO,v) and 13CO are compared in
Figure 7. Only the corresponding pixels in the 12CO map with
significant 13CO detection (Figure 2 right panel) are selected
for comparison. ΣH2 derived from both lines are consistent
where ΣH2 > 100 M⊙ pc−2. Such high ΣH2 is dominated by
the central region of the galaxy.
However, ΣH2 acquired from 13CO is smaller than that from
12CO at ΣH2 <∼ 100 M⊙ pc
−2
. The deviation of ΣH2 between
two lines can be attributed to the overestimation of the 13CO
abundance by adopting the central value even outside the cen-
ter. The uncertainty of the 13CO abundance will be discussed
in the next section (§6.2). Nevertheless, we should note that in
the spiral arm, 12CO and 13CO peaks do not coincide with each
other (see Figure 2). Therefore, it is not necessary to expect a
consistent result from these lines.
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6. Uncertainties of ΣH2
6.1. Uncertainty of Radial Oxygen Abundance
To obtain the ΣH2 map based on 12CO, the gradient of oxy-
gen abundance is required. The emission lines of HII regions
spanning a large fraction of the galactic disk are needed to con-
struct the metallicity gradient of a galaxy. The relevant studies
have demonstrated that the metallicity (12+[O/H]) is a func-
tion of the galactocentric radius in spiral galaxies, although
the slopes can vary between positive and negative (Werk et
al. 2011). For IC 342, only five HII regions were observed
to infer the metallicity gradient (McCall et al. 1985). It seems
that the gradient is affected by the number of HII regions ob-
served. Moustakas et al. (2010), however, derive the gradient
of metallicity with eight HII regions for NGC 6946, classified
as SAB(rs)cd as IC 342, and the result is consistent with the
results derived with more than 200 HII regions in the galaxy
(Cedre´s et al. 2012). The comparison demonstrates that the
variation of oxygen abundance is on a global scale and the lo-
cal fluctuation is not significant. The uncertainty of XCO,v
attributed to the oxygen abundance alone is ∼40%. The un-
certainty is dominated by the scatter of the measured oxygen
abundance from the general trend at each position.
6.2. Uncertainty of 13CO abundance
The isotopic ratio [12C]/[13C] grows with radius in our
Galaxy (Milam et al. 2005). However, a constant 13CO abun-
dance measured for the center is adopted for the entire region
in this work because of the lack of abundance ratio along the
galactocentric radius of IC 342.
13C is produced during the CNO cycles of stars. In an active
star forming region, e.g., galactic center, 13C is produced faster,
influencing the interstellar isotope abundances. There are
two subsequent mechanisms determining the 13CO abundance:
fractionation reaction and photodissociation. The fractionation
reaction 13C++12CO→13 CO+12C+ enriches 13CO but re-
quires relatively low temperature (< 35K) (Watson et al. 1976)
and UV photons to provide the ionized carbons, preferentially
happening near the UV-exposed edges of GMCs. However,
UV photons cause the photodissociation of both 12CO and
13CO as well (CO+ hν → C+O). Because self-shielding
is more effective for H2 than CO lines, photodissociation can
reduce the 12CO and 13CO abundance relative to H2. In addi-
tion, because 12CO has more effective self-shielding and larger
abundance, the photodissociation destroys 13CO faster than
12CO. Combining both phenomena, the abundance of 13CO
depends on the relative rate of the fractionation and photodis-
sociation.The combined effect can be small, and these phe-
nomena compensate for one another (Keene et al. 1998), or
leads to the underestimation of ΣH2 by 30%–50% (Goldsmith
et al. 2008; Wolfire et al. 2010). Providing that [12C]/[13C]
(or [12CO]/[13CO] as we have assumed) has the same gradi-
ent as our Galaxy (Milam et al. 2005), the isotopic ratio then
increases from ∼40 at the galactic center to ∼50 at the spiral
arm at 2 kpc. This deviation in the isotopic ratio is smaller than
the uncertainties suggested by the above chemical processes.
We have insufficient information to quantify the actual error.
A maximum error of 50% contributed from the uncertainty of
13CO abundance is quoted in this work, but such large uncer-
tainty is unlikely to be true if the abundance gradient is similar
to that of the Milky Way.
6.3. Uncertainty of Gas/Dust Temperatures
The interaction and energetics of gas and dust are complex.
In terms of simulations, Yao et al. (2006) made starburst mod-
els to correlate the observed FIR/submm/mm properties of gas
and the star formation history of the starburst galaxy. The
model predicts that Tg is close to Td in high-column-density
regions. Goldsmith et al. (2001) use LVGs model to calculate
the radiative transfer of the cooling and heating of gas and dust.
The result shows that in the high-volume-density region with
n ≥ 104.5 cm−3 the gas and dust grains become well coupled
and Tg ≈ Td. Recent work has also suggested a similar thresh-
old of 104 cm−3(Narayanan et al. 2011; Martel et al. 2012) for
good coupling between Tg and Td. Even though the critical
density of 13CO is ∼103 cm−3, tracing the gas with density >
103 cm−3, 13CO is useful to locate the dense cores embedded
in GMCs (McQuinn et al. 2002), which have a typical density
of∼104−7 cm−3 (e.g., Bergin et al. 1996; Pirogov et al. 2003).
Therefore, it is not surprising to see that 13CO coexists with
24 µm emissions in both the spiral arm and the center of IC
342 (Hirota et al. 2010). Hence, the assumption of Tg ≈ Td is
rather fair for the molecular gas traced by 13CO in terms of gas
density.
The inferred dust/gas temperature from SED fitting is ∼ 20
– 25 K in the infrared bright galaxy IC 342. Although the tem-
perature is consistent with the temperature of the cloud com-
plexes in other infrared bright galaxies (e.g., Rebolledo et al.
2012), the Galactic GMCs have typical temperatures of ∼ 10
K, which is approximately two times lower than that of these
infrared bright galaxies. Nonetheless, it is unclear whether the
external galaxies, especially the infrared bright galaxies, hold
gas properties similar to those in our Milky Way (e.g., Henkel
et al. 1998).
7. K–S Law in IC 342
Because 12CO is detected throughout the entire galaxy
(Figure 1), the map is first used to perform the K–S plot by
using the value of ΣH2 based on XCO and XCO,v. The fitting
of the K–S plot is dominated by the area with ΣH2 ≪ 100 M⊙
pc−2 because of the bulk of data points in this range. We there-
fore refer to the results as the K–S law in the low-ΣH2 region.
On the contrary, considering the fact that 13CO was only ob-
served toward the CO bright regions, the K–S plots made with
13CO and the corresponding 12CO pixels are referred to as the
K–S law in the high-ΣH2 region.
Since the fitting procedures can alter N of K–S law (Calzetti
et al. 2012 and references therein), the routines we employed
are described below. The IDL routine MPFIT (Markwardt 2009)
is used to implement all the fitting of the K-S plots in this
work. Similar as the MPCURVEFIT in §5, MPFIT allows a user-
defined function, then performs Levenberg-Marquardt least-
squares minimization for the dataset. We fitted the data with
a single power law, i.e., y =Nx+A, where y= log10(ΣSFR),
x = log10(ΣH2), N is the slope of the K–S plot, and A is a
constant. Because both ΣH2 and ΣSFR contain measured un-
certainties, a model function LINFITEX from the MPFIT library
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is utilized. LINFITEX is developed to handle a linear fitting
to the data with uncertainties in both directions, following the
methodology of Numerical Recipes.
7.1. K–S Law at the Low-ΣH2 Regions
7.1.1. K–S Plot with XCO
The K–S law is examined with ΣH2 derived with the
Galactic standard XCO in §4.1 and the SFR from Equation (3)
(The 24 µm image has been re-gridded to the same spacing
and the resolution as the 12CO map in §3.2). The K–S plot is
shown in the left panel of Figure 8. Gray, red, orange, yellow,
and green indicate the contours of 1, 10, 40, 65, and 100 data
points per 0.1 dex-wide cell of both ΣH2 and ΣSFR, respec-
tively. Fifty percent of the data points are inside the yellow
area with ΣH2 ≈ 15 (sensitivity limit) – 40 M⊙ pc−2. Thus
the result is controlled by the low ΣH2 region. The slope of the
K–S plot (N ) is 1.11 ± 0.02.
Bigiel et al. (2008) created K–S plots for seven nearby spi-
ral galaxies by the same method but with 12CO (2–1), assum-
ing a constant ratio of 12CO (2–1)/(1–0). ΣH2 in their sam-
ples mostly lie in the range of 3–50 M⊙ pc−2. The lower
end of ΣH2 in Bigiel et al. (2008) is smaller than our esti-
mate as a result of better sensitivity. The samples in Bigiel
et al. (2008) have a physical resolution of 750 pc, approxi-
mately two times larger than in this study. Previous works
show that the physical resolution can affect N of the K–S law
owing to the evolution of GMCs. For a small scale (∼ 60 –
100 pc), discrete star forming systems have different evolu-
tionary stages. For example, the youngest GMCs have no star
formation but large amounts of molecular gas (large ΣH2 , low
ΣSFR), whereas old GMCs have the opposite characteristics
(small ΣH2 , large ΣSFR). These populations then scatter the
K–S relation (Onodera et al. 2010). Our resolution of 320 pc
and the 750 pc of Bigiel et al. (2008) are considerably larger
than the physical sizes of the GMCs; therefore, the abovemen-
tioned situation does not exist. Instead, the K–S law represents
a time-averaged relation, averaging many elements with vari-
ous evolutionary stages, and thus the scaling relation of ΣH2
and ΣSFR can be maintained (Schruba et al. 2010; Feldmann
et al. 2011).
N of 1.11 ± 0.02 in IC 342 is comparable to the average
slope of 1.0 ± 0.2 among the galaxies in Bigiel et al. (2008).
N of unity implies that the gas depletion time (τdep) and star
formation efficiency (SFE) are independent of ΣH2 . The τdep
of IC 342 is about 2× 109 yr, or SFE∼ 5× 10−10 yr−1 (Figure
8 left panel).
In conclusion, on the basis of the comparison with the larger
sample in Bigiel et al. (2008), we suggest that the relation of the
gas and star formation properties in IC 342 are not considerably
different from those of other galaxies. However, we should
note that in addition to the influence from the intrinsic prop-
erties of GMCs (Onodera et al. 2010; Feldmann et al. 2011),
Calzetti et al. (2012) suggest that the configuration of GMCs
and stars can affect N of star formation law when observations
are made with approximately sub-kiloparsec resolution. Under
this physical resolution, the distribution of molecular gas is
spatially resolved, but individual GMCs are not. As a result,
the observed N is a convolution of the intrinsic star formation
mode, cloud mass spectrum in the sampled area, volume fill-
ing factor, and region size (physical resolution) (Calzetti et al.
2012). These parameters may vary among individual galaxies.
In general, N will decrease when the physical resolution in-
creases, although we did not see the significant change among
IC 342 (resolution of 320 pc) and the samples of Bigiel et al.
(2008) (resolution of 750 pc).
7.1.2. K–S Plot with XCO,v
We created a K–S plot using the same method as in §7.1.1
but with XCO,v instead. The result is displayed in the right
panel of Figure 8. The color scale is the same as in §7.1.1. Fifty
percent of the data points are located inside the green region
ranging from 25 – 60 M⊙ pc−2. The figure shows that the
relation between ΣH2 and ΣSFR is steepened. The derived N
is 1.39±0.03. Because of the superlinear relation, the τdep and
the SFE are no longer constant. Specifically, τdep declines with
increasing ΣH2 , namely, the SFE rises when ΣH2 increases.
Because the fitting is dominated by the bulk of the data
points at low-ΣH2 regions (around 25 – 60 M⊙ pc−2), the high-
surface-density regions with ΣH2 > 100 M⊙ pc−2 are located
beyond the best fit, suggesting a steeper trend.
7.2. K–S Law at High-ΣH2 Regions
In this section we study the K–S law in the area with high
ΣH2 .
13CO map can be used as a filter to select the region
with high ΣH2 because (1) 13CO is a weak line, the location
where 13CO can be significantly detected is biased to high-ΣH2
regions, and (2) owing to its higher critical density, 13CO is
one of the transitions available for locating the dense cores in
GMCs. These dense cores have higher column density (ΣH2)
and volume density prepared for future star formation.
In the right panel of Figure 2, the pixels with 13CO detection
greater than 5σ are masked with color. These pixels are used
to derive a K–S plot based on 13CO.
7.2.1. K–S plot Based on 13CO
With the surface density derived in §5, a K–S plot in terms
of 13CO is displayed in Figure 9. In this domain, ΣH2 ranges
from approximately 30 – 400 M⊙ pc−2. τdep (or SFE) changes
by more than one order magnitude over this range, from ∼ 1.5
× 109 yr at ΣH2 ≈ 30 M⊙ pc−2 to ∼108 yr at ΣH2 ≈ 400 M⊙
pc−2. N of the K–S plot is derived as 1.78 ± 0.07.
The best fit of the low-ΣH2 regions based on 12CO (XCO,v)
is over-plotted in Figure 9. It can be seen that the ΣSFR of
high-ΣH2 regions lie beyond the best fit of low-ΣH2 regions,
implying a higher SFR at a given ΣH2 .
7.2.2. K–S Law at the High-ΣH2 Based on 12CO
The corresponding pixels in the 12CO map with significant
13CO emissions are used to create the K–S plot at high-ΣH2
region for the comparison.
First, the K–S plot is created with the GalacticXCO. The re-
sult is displayed in the left panel of Figure 10. ΣH2 lies between
20 to 800 M⊙ pc−2. N is 1.33 ± 0.02 with all data, slightly
larger than the slope in the low-ΣH2 region (12CO, XCO). The
K–S plot with XCO,v is shown in the right panel of Figure 10.
The derived N is approaching 2 (1.94 ± 0.11) with all data
points. N derived in this section are larger than those in the en-
vironment of low-ΣH2 , regardless of whether XCO or XCO,v
is used. The variation of the power law index of the K–S law
in this Section is summarized in Table 2.
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7.3. The Environmental Variation of the K–S Law
There are two conclusions drawn from the above K-S plots.
First of all, the adoption of XCO,v steepens the K–S plots in
both low- and high-ΣH2 regimes. This is reasonable to expect
from the difference in XCO and XCO,v (Figure 4). Secondly,
there is a trend that N would increase with increasing ΣH2 .
The steeper slope in the higher-ΣH2 area is confirmed by the
independent measurement of 13CO.
A quantitative analysis of the dependence of N on the ΣH2
considered is displayed in Figure 11. Figure 11 displays the
derived N with a different lower threshold of the used data.
Only the data greater than the defined threshold of ΣH2 are
used. In other words, the dynamic range of fitting is narrowed
down from all data to ΣH2 > 130 M⊙ pc−2, with intervals of
> 60, 100, and 130 M⊙ pc−2. The analysis was performed on
three datasets, 12CO (XCO), 12CO (XCO,v), and 13CO. Even
though N with higher thresholds suffer from large uncertain-
ties because of the scatter of measurements and limited data
points, there is a clear trend that the slopes rise with an increas-
ing threshold. In the low-ΣH2 region (squares), N is generally
less than two. In the environment of ΣH2 > 100 M⊙ pc−2,
N increases to around two to three. Such a phenomenon is
observed in both transitions.
Various studies have concluded that the SFR is well corre-
lated with the amount of dense gas. The most straightforward
evidence is the linear correlation between L′HCN and LIR (or
Σdense gas–ΣSFR). The correlation is held from Galactic dense
cores to extragalactic unresolved sources (Gao & Solomon
2004; Wu et al. 2005; Liu & Gao 2012). Simulations of tur-
bulent molecular clouds show that the SFR is controlled by the
density probability distribution function (PDF) (e.g., Kravtsov
2003; Wada & Norman 2007). The galactic turbulence can
be driven by gravitational instability, shocks or interaction of
galaxies. Kravtsov (2003) simulates the PDF of different gas
surface densities across ∼ 20 – 2000 M⊙ pc−2. The result
shows that the fraction of dense gas (i.e., sufficiently dense for
star formation) increases with gas surface density (see Figure 3
of Kravtsov 2003). Such a trend shown by the simulations has
already been observed in the molecular clouds of our Milky
Way (e.g., Kainulainen e al. 2009). Hence, the larger N in the
higher-ΣH2 regime indicated by low density tracers (e.g., CO)
may be a reflection of the increasing dense gas fraction.
8. Comparisons with Other Galaxies
The results from the study of IC 342 show that the K–S law
may not be identical within a galaxy, namely, the slope steep-
ens up toward the high-ΣH2 region, reflecting a shorter τdep
(or higher SFE) and perhaps a different star formation mecha-
nism. We examine whether the results of IC 342 are particular
to this galaxy or a general situation by using the published data
of some nearby galaxies.
There are two selection criteria for sample galaxies. At first,
the galaxy has to be studied in terms of the metallicity based
on the framework of the P-method (Pilyugin 2000; Pilyugin
2001a; Pilyugin 2001b; Pilyugin et al. 2005). The candidates
reaching this criterion are shown in Pilyugin et al. (2004) and
Moustakas et al. (2010). Pilyugin et al. (2004) and Moustakas
et al. (2010) derive the metallicity gradient with HII regions for
their sample galaxies. Moustakas et al. (2010) also derive the
metallicity of the nuclear and circumnuclear regions for some
of their samples. Secondly, the galaxy must be studied for ΣH2
and ΣSFR. ΣH2 and ΣSFR were compiled from literature and
divided into two groups. The first group includes ten galaxies
with published radial ΣHI, ΣH2 , and ΣSFR from Leroy et al.
(2008).The physical resolution of the observations is ∼800 pc.
ΣH2 and ΣSFR with >3σ detection are used. Furthermore, for
a fair comparison with IC 342, only the radii with ΣH2>ΣHI
are used, i.e., the H2-dominated regions. With the above two
criteria, some data points at the outskirts of the galaxies are
eliminated. The galaxies (NGC 628, NGC 3184, NGC 3198,
NGC 3351, NGC 3521, NGC 4736, NGC 5055, NGC 5194,
NGC 6946, and NGC 7331) in the first group will be used
as the samples of galactic disks with lower ΣH2 . The sec-
ond group comprises nine starburst galaxies from Kennicutt
(1998), representing the high-ΣH2 domain. Most of starburst
samples have CO and SFR observations with sub-kpc reso-
lution towards their circumnuclear disks. In such active star
forming regions, it is reasonable to assume ΣH2 ≫ ΣHI, as
observed in the center of IC 342. The metallicity of the star-
burst samples are from either the ’circumnuclear’ metallicity in
Moustakas et al. (2010), or the extrapolation of the gradient to-
ward the center from Pilyugin et al. (2004). The second group
contains NGC 253, NGC 1097, NGC 2093, NGC 3034, NGC
3351, NGC 4736, NGC 5194, NGC 5236, and NGC 6946.
The K–S laws are examined on the basis of the Galactic
Standard XCO and XCO,v calculated from the 12CO intensity
and the metallicity. The results are shown in Figure 12. N
for disk, low-ΣH2 samples with XCO (green circles) is 0.96 ±
0.06 and 1.35 ± 0.07 for the same samples but using XCO,v
(red circles). Both values are consistent with the slopes of IC
342 in the low-ΣH2 regime (1.11 ± 0.02 and 1.39 ± 0.03, re-
spectively).
For the circumnuclear starbursts, ΣH2 is greater than 100
M⊙ pc−2, whether XCO or XCO,v is used. N is 1.88 ± 0.14
and 2.32 ± 0.13 by using XCO and XCO,v, respectively. Both
numbers are in good agreement with the value of N derived
from IC 342 with a threshold of 100 M⊙ pc−2, i.e., N = 1.96
± 0.16 and 2.65± 0.22 for ΣH2 (12CO, XCO) and ΣH2 (12CO,
XCO,v), respectively. The steeper ΣH2–ΣSFR relation toward
high-ΣH2 regime is not only found in local circumnuclear re-
gions as this work shows, but also in more extreme objects
(e.g., ULIRGs; Liu & Gao 2012) and high redshift galaxies
(e.g., Decarli et al. 2012). By comparing disk-averaged K-S
law between ULIRGs and normal disk galaxies, Liu & Gao
(2012) also suggest that K-S law is not uniform among differ-
ent star forming populations. Because of their high SFE, N is
larger in ULIRGs than in normal disk galaxies. Thus, we then
have a certain level of confidence that the results of IC 342 are
not particular but universal for at least nearby spiral galaxies.
The slopes in this Section are summarized in Table 2 as well.
9. Star Formation Mechanisms
The slope of the K–S plot depends on the mechanisms of
star formation as mentioned above. We discuss two possible
mechanisms of star formation in IC 342, gravitational instabil-
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ity and cloud-cloud collisions, as well as the theoretical aspects
of changing the power law index of K–S law as a result of the
properties of GMCs .
9.1. Gravitational Instability
For star formation caused by gravitational instability, it is
assumed that a constant fraction of molecular gas will be con-
verted to stars per free fall time. Because tff =
√
3pi/32Gρgas
and ρSFR ∝ ρgas/tff , where ρgas and ρSFR are gas mass and
SFR per unit volume, ρSFR is proportional to ρ1.5gas, or ΣSFR ∝
Σ1.5gas, assuming that the scale height of the gas disk is con-
stant in galaxies. This naturally explains the well-known ”disk-
averaged” K–S law with a power law index of 1.4 in Kennicutt
(1998). Our result of the K–S plot of 1.39 ± 0.03 in the low-
ΣH2 region (§7.1) with XCO,v is consistent with the slope
expected by the theory and simulations of the collapse of a
molecular cloud through gravitational instability (Elmegreen
1994; Elmegreen 2002; Li et al. 2006).
We then investigate the relation between the gravitational in-
stability of gas and star formation in IC 342 via the Toomre Q
parameter (Toomre 1964) and 24µm image. Toomre (1964)
suggests that the gas can collapse when Σgas exceeds the criti-
cal density (Σcrit), leading to a Toomre-Q parameter less than
unity because
Q=
Σcrit
Σgas
, (10)
where Σgas is ΣH2+HI. Σcrit is determined by the epicyclic
frequency κ and velocity dispersion σ as
Σcrit =
κσ
piG
. (11)
An HI map of IC 342 was observed by Crosthwaite et al.
(2000) using the VLA (see §2.2). The rotation curve was de-
rived with the Brandt model in Crosthwaite et al. (2000) with
the HI data. The maximum velocity of ∼170 km s−1 is lo-
cated at the radius of ∼5 kpc. κ at a radius of r is calculated
by κ2(r) = 2(v
2
r2 +
v
r
dv
dr ). The map of HI velocity dispersion(Crosthwaite et al. 2000) is used to estimate σ in Equation (11).
σ has a range approximately 7 – 25 km s−1. To fairly derive
the total gas mass at each pixel, the 12CO (XCO,v) and 24µm
images were convolved to the same resolution as the HI image
(38′′ × 37′′).
Firstly, the radial distribution of the Q parameter is displayed
as a solid black line in Figure 3. The radial profile shows that
only at the galactic center Q is < 1. Outside the galactic center,
the average Q parameter varies in a range of 1 – 2. Because
the gas distribution of IC 342 is not symmetric at each posi-
tion angle of the galaxy, the radial distribution may smooth the
real distribution of the Q parameter. For this reason, we then
conduct the spatial distribution of the Q parameter. Figure 13
shows the spatial distribution of the Toomre Q parameter in a
color scale overlaid on the 24µm image in contours. The re-
gions prone to collapse (Q < 1) are shown in color. In the
innermost region of the galaxy, the bar end, and several knots
in the spiral arms, Q ≈ 0.5-0.8. The region where Q < 1 is
in agreement with the peaks of 24µm, indicating that the stars
in the disk are likely formed through gravitational instability.
Indeed, Yang et al. (2007) suggest that>60% of massive young
stellar objects are inhabiting in the regions where the gas is un-
stable.
9.2. Star Formation via Cloud-Cloud Collisions
Star formation is known to potentially occur in regions
with efficient cloud-cloud collisions (Tan 2000; Koda & Sofue
2006). The collision time scale is tcoll ∝ 1/nvσ ∝ 1/Σgas,
where n is the number density of clouds, v is the relative ve-
locity of the clouds, and σ is the average cloud cross section.
ΣSFR per collision time is then proportional to Σ2gas.
Ho et al. (1982) suggest that there are ∼ 100 molecular
cores in the central region of IC 342 and the cores are col-
liding with each other. The origin of the collisions can be at-
tributed to bar-induced orbital crowding. The shocks produced
after the cloud-cloud collisions have been found using shock
tracer molecules, e.g., CH3OH and HNCO (Meier & Turner
2005). These observations highlight the region where cloud-
cloud collisions are promoted: along the leading side of the
bar and the intersections of the bar and the circumnuclear ring
(these two regions are located in the region defined as the cen-
ter in Figure 2, with a diameter of∼ 1′; Meier & Turner 2005).
Indeed, both regions are associated with dense gas (e.g., HCN,
Downes et al. 1992) and star forming tracers, such as Hα, and
IR/radio star forming regions (e.g., Becklin et al. 1980; Turner
& Ho 1983; Hirota et al. 2010).
Even though star formation by cloud-cloud collisions is sug-
gested by previous observations with various lines, the possi-
bility of gravitational instability cannot be ruled out because
the Tommre Q parameter is well below unity in the central re-
gion of the galaxy (Figure 13).The two mechanisms may work
together (Rand & Kulkarni 1990). That is, the gravitationally
bound molecular clouds (∼107 M⊙) are formed through the
gravitational instability; at the same time, cloud-cloud colli-
sions are taking place between the clouds to form giant molec-
ular cloud associations (GMAs). This scenario is able to ex-
plain the high SFE of the spiral arm in M51 (Rand & Kulkarni
1990). If the above scenario take places in the high-ΣH2 re-
gion of IC 342, N = 2 – 3 in this region represents a mix of the
mechanisms.
9.3. GMCs Properties and Star Formation Law
In addition to the difference in the effective star formation
mechanism, the K–S law may be altered because of the change
in the intrinsic properties of GMCs.
Krumholz et al. (2009) have performed theoretical calcula-
tions of a two-component star formation law regardless of the
galactic-scale process. The transition of ΣH2 is approximately
85 M⊙ pc−2. In the regions where the ΣH2 is greater than
∼85 M⊙ pc−2, the galactic ISM pressure is sufficiently large
to be comparable with the internal pressure of GMCs, and thus
the density of GMCs is forced to increase with growing ΣH2
to balance the pressures. At the same time, the free-fall time
of the GMCs is reduced (Krumholz et al. 2009), resulting in
faster star formation. On the other hand, at low-ΣH2 regions,
GMCs are independent of the environment so the ΣSFR is de-
termined only by the GMCs themselves, implying a flattened
K–S relation.
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10. Summary
We studied the Kennicutt-Schmidt (K–S) law in the nearby
barred spiral galaxy IC 342 with published 12CO (1–0), 13CO
(1–0), and infrared data. The main results are summarized as
follows:
1. After correcting for the oxygen abundance and 12CO in-
tensity, the 12CO-to-H2 conversion factor (XCO,v) was
found to be 2–3 times lower than the Galactic standard
XCO in the center of IC 342 and ∼2 times higher than
the XCO in the galactic disk (§4).
2. The power law index of the K–S plot is approximately
1.4 in the low-ΣH2 (12CO,XCO,v) regions (often 25 – 60
M⊙ pc−2), and increases to approximately 2 – 3 at high-
ΣH2 (12CO,XCO,v) regions (around > 100 M⊙ pc−2)
(§7.1.2, §7.2.2). The larger slope in the environment of
high surface density is confirmed with independent mea-
surement of 13CO (§7.2.1).
3. By setting different lower limits of the dynamic range
for fitting, we confirmed that the slope of the K–S law is
gradually steepened with increasing ΣH2 , presumably as
a result of the increase in the dense gas fraction (§7.3).
4. Using the published data of ΣH2 , ΣSFR (measured at
the sub-kpc scale), and the metallicity of nearby galac-
tic disks and starburst centers, we confirm that the envi-
ronmental variation in the K–S law in IC 342 may be a
general case for spiral galaxies (§8).
5. The varied slopes from ∼1.4 in the low-ΣH2 domain to
∼ 2 – 3 in the central region may indicate the change in
the main mechanism of star formation among the sub-
regions in IC 342, that is, the star formation is triggered
by gravitational instability in the disk; at the galactic
center, the combination of gravitational instability and
cloud-cloud collisions is favored (§9.1 and §9.2).
6. The derived variable K–S law in a single galaxy also
matches the theoretical prediction that the GMC prop-
erties change at the ΣH2 of approximately 85 M⊙ pc−2
and star formation efficiency increases with ΣH2 (§9.3).
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Fig. 1. 12CO map of IC 342 obtained from Kuno et al. (2007).
Contours represent 4.5 (3 σ) 10, 15, 20, 25, 50, 80, 110, 140, 170,
and 200 K km s−1. The white cross marks the galactic center. The
beam size of 20′′ is shown in the bottom left of the figure. The area of
the 13CO (1-0) observation made by Hirota et al. (2010) is indicated
with a box.
12 Star Formation Law in IC 342 [Vol. ,
Fig. 2. Velocity-integrated intensity maps of CO and the defined galactic features. Left: The integrated maps of two CO lines. Cyan and yellow contours
denote the 12CO and 13CO velocity-integrated intensity maps, respectively. 12CO is shown in Figure 1. The beam size is overlaid in the bottom left of
the figure. The grey scale is also the 12CO map. The contours of the 12CO map are 10 (6.5 σ), 15, 20, 25, 30, 35, 40, 50, 70, 100, 140, and 190 K km
s−1. The contour levels of the 13CO map are 1 (2.5 σ), 2, 3, 4, 6, 10, 16, and 22 K km s−1. Right: the defined galactic features. The white contours
denote the 13CO in the left panel with the same steps. The purple area corresponds to the pixels categorized as the galactic center, and the orange area
tags the pixels belonging to the defined spiral arm.
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Fig. 3. Radial distribution of ΣH2 (crosses and circles), ΣHI (pluses)
and ΣSFR (triangles). The radial step of ΣH2 and ΣSFR is 10′′. The
radial profile of ΣHI is sampled every 20′′. The solid black line rep-
resents the Toomre Q parameter (§9). The grey solid line marks an
intensity of one for comparison with Q.
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Fig. 4. ΣH2 (XCO) versus the ratio ofΣH2 (XCO,v)/ΣH2 (XCO) and
XCO,v. The horizontal line marks where ΣH2 (XCO,v)/ΣH2 (XCO)
= 1.
No. ] Pan, Kuno, and Hirota 15
Fig. 5. The XCO,v map of IC 342. The right color bar of XCO,v is in
unit of 1020 cm−2 (K km s−1)−1. The beam size of 20′′ is indicated
in the lower left.
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Fig. 6. Infrared SEDs in log–log scale. The global (arm + center) SED is shown in the left, the central and arm SEDs are displayed in the middle and on
the right, respectively. The circles are the observed data points. The dash-dotted and dashed curves are the derived Planck distribution of the warm and
cold components, respectively. The red curve is the sum of two components. The derived Tw , Tc, and βc are presented in each panel. The error of each
parameter is shown in parentheses.
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Fig. 7. ΣH2 (13CO) versus ΣH2 (12CO, XCO,v). The solid black
line indicates the slope of unity. The upper and lower dash-dotted lines
represent the slopes of 2.0 and 0.5, respectively.
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Fig. 8. K–S plots in low-ΣH2 region derived from 12CO. Left: K–S plot with XCO. Grey, red, orange, yellow, and green correspond to the contours
of 1, 10, 40, 65, and 100 data points per 0.1 dex-wide cell of both ΣH2 and ΣSFR axes, respectively. Fifty percent of the data points are located inside
the yellow region. The best fit has a slope of 1.11 ± 0.02 shown as a solid black line. The three parallel lines denote gas depletion time of 108, 109, and
1010 yr, corresponding to star formation efficiency of 10−8, 10−9, and 10−10 yr−1. Right: K–S plot with XCO,v. The colors of the contours and the
lines are the same as in the left panel. Fifty percent of the data points are located inside the green region. The slope of the best-fit line is 1.39 ± 0.03.
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Fig. 9. K–S plot in high-ΣH2 region derived from 13CO. The
best fit with all the data points is shown as a thick solid black
line with a slope of 1.78 ± 0.07. The grey line presents
the K–S law with a threshold of 100 M⊙ pc−2. The slope
of the grey line is 2.27 ± 0.21. The K–S relation with low
ΣH2 (12CO, XCO,v) is overlaid with a thin solid black line.
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Fig. 10. K–S plots derived in high-ΣH2 regions from 12CO. The colors and the style of the lines have the same meaning as in Figure 9. Left: K–S plot
at high ΣH2 based on XCO . Right: K–S plot at high ΣH2 based on XCO,v.
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Fig. 11. Increasing slope of K–S law along ΣH2 . X-axis is the dynamic range of fitting and the y-axis is the K–S slopes (N ). The data points with color
of magenta, red, and cyan represent ΣH2 from 12CO (XCO), 12CO (XCO,v), and 13CO, respectively. The results using all available data in the dataset
of low and high ΣH2 are presented in squares and triangles, respectively. The x-axis for the all data points correspond to the detection limits. The circles
denote the results with various thresholds.
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Fig. 12. K–S plot of nearby galaxies (exclude IC 342). The solid lines indicate the fitting results of the data points with the same
color. Green circles: data from galactic disks with ΣH2 from XCO (Leroy et al. 2008). Red circles: data from galactic disks with
ΣH2 from XCO,v. Orange squares: data from starburst (SB) centers (Kennicutt 1998) with ΣH2 from XCO. Blue squares: data
from starburst (SB) centers with ΣH2 from XCO,v. The XCO = 2.3 × 1020 cm−2 (K km s−1)−1 is used for the ΣH2 based
on Galactic XCO. The derived slopes of the K–S law are shown in the legend. The error of each slope is shown in parentheses.
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Fig. 13. The map of Tommre Q in a color scale overlaid with 24µm
image in contours. The wedge indicates the corresponding values of
Q parameter to the colors. The angular resolution in this map is 38′′
to adjust with the HI map made with VLA. The synthesized beam is
plotted in the lower left of the figure.
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Table 1. Information on the original infrared data from archives.
Wavelength (µm) 24a 70b 100b 160b 250c 350c 500c
FWHM(arcsec) 5.7 5.2 7.7 12 18 25 37
Pixel size (arcsec) 2.5 1.4 1.7 2.85 6 10 14
Image Unit MJy/sr Jy/pixel Jy/pixel Jy/pixel MJy/sr MJy/sr MJy/sr
a Spitzer
b Herschel PACS
c Herschel SPIRE
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Table 2. The slopes of K–S law derived in §7 and 8
.
12CO (XCO) 12CO (XCO,v) 13CO
IC 342
low ΣH2 (all data) 1.11 ± 0.02 1.39 ± 0.03 . . .
high ΣH2 (all data) 1.33 ± 0.02 1.94 ± 0.11 1.78 ± 0.07
high ΣH2 (> 100 M⊙ pc−2) 1.96 ± 0.16 2.65 ± 0.22 2.27 ± 0.21
Spiral Galaxies (exclude IC 342)
low ΣH2 (disk) 0.96 ± 0.06 1.35 ± 0.07 . . .
high ΣH2 (starburst) 1.88 ± 0.14 2.32 ± 0.13 . . .
